With advancements in technology and a better understanding of human cardiovascular physiology, research as well as clinical care can go beyond dimensional anatomy offered by traditional imaging and investigate aortic functional properties and the impact disease has on this function. Linking the knowledge of the histopathological changes with the alterations in aortic function observed on noninvasive imaging results in a better understanding of disease pathophysiology. Translating this to clinical medicine, these noninvasive imaging assessments of aortic function are proving to be able to diagnose disease, better predict risk, and assess response to therapies. This review is designed to summarize the various hemodynamic measures that can characterize the aorta, the various noninvasive techniques, and applications for This review is designed to summarize the various functional properties of the aorta, noninvasive imaging methodologies used to assess these properties, and abnormalities of these properties that contribute to CV disease.
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The aorta performs several important functions.
First, the aorta transmits and distributes blood from the heart to medium-sized conduits that supply the periphery. Second, the aorta acts as an expandable reservoir that buffers the pulsatile force from left ventricular contraction (1) . The Windkessel principle, first outlined in the late 1800s, models the aorta as an elastic reservoir absorbing the systolic blood flow from left ventricular contraction and then releasing this blood by elastic recoil during diastole providing more constant (rather than pulsatile) blood flow to the periphery (2) . Finally, a healthy aorta limits the augmentation phenomenon from the reflective pressure wavefronts that return toward the heart from the medium sized conduits that supply the periphery (3).
As the pressure wavefront from ventricular contraction propagates down the vasculature tree, reflections of these wavefronts return from the periphery and amplify the systolic pressure within the aorta that thereby increases left ventricular afterload. This mechanical interplay between the left ventricle and the arterial tree is termed ventricular arterial coupling with the aorta playing an integral role in this relationship (4) . In healthy normals, under a wide range of vascular loading conditions, the aorta allows for optimized work efficiency in conjunction with the left ventricle (5); however, alterations in the vessel wall and loss of these properties that occur with aging and disease processes can reduce circulatory efficiency (6) .
Optimal function of the aorta is related to the structure and composition of 3 regions of the wall of the aorta (Figure 1 ): the intima, media, and adventitia (7) . The intima comprises the endothelium, the endothelial glycocalyx, which is a network of glycosaminoglycans bordering the vessel lumen (8) , and the endothelial space, which contains collagen and sparse smooth muscle cells (7) . With aging, flow-mediated vasoreactivity is diminished (9) and the intima exhibits increased collagen deposition and disoriented vascular smooth muscle cells (10) .
The media, the thickest layer of the aorta and separated from the intima by the internal elastic lamina contains layers of overlapping sheets of the extracellular matrix proteins elastin and collagen and vascular smooth muscle cells (11) . Elastin is capable of stretching over 300% of its original length but fractures at relatively low levels of stress (12) . Collagen is less pliable but is capable of handling much higher stress loads and thus provides significant strength to the aorta (12) . In the proximal thoracic aorta, an elevated elastin to collagen ratio heightens vascular compliance; whereas distally in the abdominal aorta, collagen and smooth muscle predominate leading to a stiffer conduit (13, 14) . With aging, the percent of collagen increases in the media (15) and cross linking and abnormal breakdown of the proteins due to mechanical fracturing as well as oxidation and nonenzymatic glycation occurs (6, 16) .
The adventitia is the outermost layer and is composed mainly of collagen, fibroblasts, and fibrocytes (7). The adventitia reinforces aortic wall strength (to limit excessive aortic distension) and also anchors the vessel to the surrounding tissues. The adventitia also contains the vasa vasorum, the supporting blood supply to the cells of the aorta. With aging, increased collagen accumulation from fibroblasts have been seen in animal studies contributing to stiffening (17).
At a macroscopic anatomic level, the aorta diameter grows in relationship to increasing body surface area during the time from infant to young adulthood (18) . With further aging, the arterial wall thickens, predominantly in the intima and the aorta dilates, greater in the ascending aorta as compared to the abdominal aorta (19) .
VASCULAR BIOMECHANICS
Both simple and complex measures quantify the biomechanical functional properties of the aorta ( Table 1) . As shown in Figure 2 , the simplest measures include blood velocity and flow (which couples velocity with vessel area to measure the volume of fluid traversing a defined point per unit time).
Additional simple measures include stress, strain, and Young's modulus, which relates the two. Stress is defined as the force per unit area applied to an object, and within a blood vessel specific types of stress are defined by the direction of force include radial, circumferential, and longitudinal stress ( Figure 2 ). For example, arterial pressure exerts outward force on the vessel wall resulting in circumferential stress.
Strain, ε, quantifies the deformational response of the tissue to a force:
where L is the final dimension after applied stress and L 0 is the starting dimension. The relationship between stress and strain in a material is defined by the constant, Young's modulus, which is the ratio of stress to strain.
A very rigid material has a very high Young's modulus (i.e., with stress, the aortic tissue deforms very little).
When fluid such as blood travels within a structure, there is also wall shear stress, 
where E is circumferential Young's modulus, h is vessel wall thickness, r is luminal radius, and r is With aging, the endothelium experiences thickening with hyperplasia and collagen deposition. The media has increased disorganized smooth muscle cells, increased collagen, and increased elastin fracturing and cross linking. The adventitia demonstrates increased collagen deposition.
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Imaging Aortic Flow and Function (25):
when using the units of mm Hg and meters per second.
Newer imaging technologies have provided additional visualization capabilities, including 3-dimensional (3D) flow changes with time. This has led to additional measures including blood flow eccentricity or displacement (26) , pressure gradients (27) , and blood turbulence quantification (28) . These are further discussed in the MRI section. Pulse wave velocity can be measured using ultrasound Doppler in similar fashion to the pressure transducer technique described previously. By placing the ultrasound probe at the carotid artery and the femoral artery, the Doppler-derived arrival time difference of the velocity waveforms can be calculated. In comparison with applanation tonometry derived cfPWV, correlation is excellent (41, 42) .
IMAGING MODALITIES
CARDIAC COMPUTED TOMOGRAPHY. Gated to the cardiac cycle, cardiac computed tomography (CT) is able to produce tomographic images of the aorta at different phases in the cardiac cycle (43) . Using this technology, distensibility of the aorta can be assessed (Central Illustration, panel B). In a similar fashion to (A) Transesophageal echocardiography measuring aortic distensibility using a M-mode tracing of the descending aorta. The systolic and diastolic diameters are measured from the tracing and used with the central blood pressure to calculate distensibility. (B) Gated cardiac computed tomography assessing aortic distensibility. A sagittal image of the aorta arch displays the location of the axial plane gated at systole and diastole. The systolic and diastolic areas of the ascending aorta are used with the central blood pressure to calculate distensibility. (C) Two-dimensional phase contrast cine magnetic resonance imaging (MRI) measuring pulse wave velocity. A sagittal image of the aorta arch displays the location of the axial plane and is used to calculate the vessel centerline distance between the ascending and descending aorta. Through plane phase contrast and magnitude, images in the axial plane are segmented for the ascending and descending aorta, and velocity versus time flow curves are generated (red is from the ascending aorta, blue is from the descending). The time difference between the arrival of 2 waveforms is determined. Pulse wave velocity is calculated by dividing the distance by the arrival time difference.
Distensibility of the ascending and descending aorta can be calculated from the change in diastolic and systolic areas from the magnitude images and the central blood pressure. (D) MRI using 4D flow assess multiplane pulse wave velocity: 1) 10 analysis planes placed equidistantly along the 3-dimensional segmented aorta containing 3-direction velocity information; 2) 10 through-plane velocity versus time waveforms derived from the 10 analysis planes, and the time difference in arrival for each waveform as compared to the first waveform is calculated; 3) plot of arrival time difference versus distance along the aorta, and the inverse of the linear regression line is the multiplane averaged PWV for the entire aorta. (E) Aortic flow visualization by streamlines in 4D flow MRI in a 67-year-old female without known aortic disease. Streamlines connect all the vector field points into a line and represent the instantaneous flow field within the aorta. Three different phases of peak systole, late systole, and diastole are shown and the velocity the streamline is represented by color (red is faster, blue is slower). Imaging Aortic Flow and Function S E P T E M B E R 2 0 1 5 : 1 0 9 4 -1 0 6 developed using 4D flow and can discriminate those at risk for aneurysmal remodeling (63, 64) . Turbulence defined as nonlaminar and chaotic flow, is a contributing factor to aortic disease processes and its magnitude quantifiable by advanced post-processing calculations of 4D flow datasets (28) . Turbulent kinetic energy, the energy within the areas of chaotic flow, has applications to post-stenotic flow and pressure gradients within the aorta (65) . Pressure gradients are typically used to estimate the severity of an obstruction such as coarctation and can now be calculated using complex computational fluid dynamics (27) .
APPLICATION TO AORTA IN DISEASE STATES
Flow and functional measurements can be applied to aortic diseases and be used in the investigation of pathologic mechanisms. Additionally, these measures may potentially aid in diagnoses, prognosis, and assessing disease severity ( Table 2) .
ARTERIOSCLEROSIS AND AGING. Defined as the thickening and stiffening of blood vessels, arteriosclerosis has been extensively studied with noninvasive imaging to determine its impact on function (24, 53, 54) . Intertwined with vascular aging and hypertension, the changes associated with arteriosclerosis are described in Figure 2 . Furthermore, it has been hypothesized that the loss of dampening also results in increased pulsations being transmitted to the vulnerable tissues such as the kidney and brain leading to microvascular and end-organ damage (68) .
Using the Framingham cohort, cfPWV was demonstrated to be an independent risk factor for first CV event and improved risk prediction when added to the Framingham risk model (69) . A recent metaanalysis of over 15,000 participants showed cfPWV to be an independent predictor of CV events and overall mortality in the general population (70). Hypothesized to be due to oxidative stress, vascular matrix and endothelial dysfunction, aortic distensibility was adversely affected at 4 months postanthracycline as compared to control subjects (92) .
A similar study demonstrated that the onset of adverse aortic stiffening was evident at 1 month after cancer treatment initiation and at 6 months. ghundley@wakehealth.edu.
